Although there is no spontaneous regeneration of mammalian spinal axons after injury, they can be enticed to grow if cAMP is elevated in the neuronal cell bodies before the spinal axons are cut. Prophylactic injection of cAMP, however, is useless as therapy for spinal injuries. We now show that the phosphodiesterase 4 (PDE4) inhibitor rolipram (which readily crosses the blood-brain barrier) overcomes inhibitors of regeneration in myelin in culture and promotes regeneration in vivo. Two weeks after a hemisection lesion at C3͞4, with embryonic spinal tissue implanted immediately at the lesion site, a 10-day delivery of rolipram results in considerable axon regrowth into the transplant and a significant improvement in motor function. Surprisingly, in rolipram-treated animals, there was also an attenuation of reactive gliosis. Hence, because rolipram promotes axon regeneration, attenuates the formation of the glial scar, and significantly enhances functional recovery, and because it is effective when delivered s.c., as well as post-injury, it is a strong candidate as a useful therapy subsequent to spinal cord injury.
T
he adult mammalian CNS does not spontaneously regenerate after injury (1) . A major factor in preventing regrowth is the presence of an inhibitory environment, comprised of inhibitors of regeneration in both damaged myelin (2) and up-regulated by astrocytes (3) after injury. Regeneration of spinal, dorsal column axons occurs, however, when an analogue of cAMP, dibutryl cAMP, is injected directly into the cell bodies, the dorsal root ganglia (DRG), either 2 days or 1 week before the spinal axons are cut (4, 5) .
To date, three inhibitors of axonal regeneration have been identified in myelin: Nogo, myelin-associated glycoprotein (MAG), and oligodendrocyte myelin glycoprotein (OMgp) (2, 6) . MAG and OMgp, as well as one inhibitory domain on Nogo, exert their inhibitory effects by interacting with the same receptor complex (7) (8) (9) (10) . Consistent with a common signaling pathway for all three inhibitors, we and others have found that, in culture, manipulations of signaling that overcome inhibition by MAG also overcome inhibition by myelin in general and most important promote regeneration in vivo (4, 5, 11) .
Rather than using analogues, an alternative approach to elevate cAMP is to inhibit the enzyme that degrades it, phosphodiesterase (PDE). Rolipram, which readily crosses the blood-brain barrier (12) , is a specific inhibitor of the PDE4 subfamily of PDEs, which represent Ϸ70-80% of PDEs in neural tissue (13) . Therefore, rolipram will reach the nervous system when delivered orally or s.c. and has little effect on tissue with a proportionately low PDE4 content, such as heart and ovary (13) (14) (15) . Here, we show that rolipram in culture can overcome inhibition by MAG and myelin in general and that neurons from animals treated with rolipram for various periods of time are not inhibited by MAG and myelin when cultured. Importantly, when rolipram is delivered 2 weeks after a hemisection lesion, along with embryonic spinal cord tissue implanted at the injury site at the time of lesion, there is not only a significant increase in axon growth and in functional recovery, but also an attenuation of the glial scar.
Materials and Methods
Neurite Outgrowth. Thirty-day-old Long Evan Hooded rats (Harlan Breeders, Indianapolis) were delivered rolipram (0.4, 0.5, or 0.7 mol͞kg per hr) in saline:DMSO, 50:50, or vehicle s.c. by means of osmotic mini pumps (Alzet, Palo Alto, CA) for 24, 48, or 72 hr, as indicated, or killed without delivery of anything as indicated. DRGs were removed and dissociated, and the neurite outgrowth assay was performed as described (16, 17) . Briefly, 5 ϫ 10 4 or 2 ϫ 10 4 neurons were added to a myelin substrate or to monolayers of transfected Chinese hamster ovary (CHO) cells, respectively. Where indicated, rolipram was added directly to the cultures at 0.1, 0.25, 0.5, 1.0, and 2.0 M, or neurons were first plated onto poly-L-lysine and primed overnight with the same concentrations of rolipram or brain-derived neurotrophic factor (BDNF) (200 ng͞ml) (16, 17) before being transferred to myelin or the monolayers. After overnight incubation, cultures were immunostained for GAP43 as described. The length of the longest neurite of randomly selected 180-200 neurons was measured by using an Oncor image analysis program. Neurite lengths were compared between groups by using the Student t test.
Spinal Cord Lesion. All animals were adults at the time of surgery (180-200 g). The surgical techniques have been described (19, 20) . Briefly, iridectomy scissors were used to create spinal cord hemisection lesions at C3͞4 in all animals. This lesion destroys the right side of the cord plus the dorsal columns bilaterally. After the hemisection, the transplant was placed into the lesion cavity in direct apposition to the rostral and caudal ends of the lesion cavity. Two weeks later, either rolipram, (0.40 or 0.8 mol͞kg per hr in a solution of saline and 16% DMSO) or vehicle solution was administered for 10 days at 10 l͞hr by means of mini osmotic pumps. Pumps were removed at the end of the 10 days. All animals survived 4-6 weeks after the rolipram or vehicle treatment (6-8 weeks after the spinal cord lesion). A total of 12 animals met all criteria for inclusion in the final data analysis (lesion size and location and transplant apposition; rolipram, n ϭ 7; vehicle, n ϭ 5). After killing, the lesion site from each of the animals was sectioned serially in cross section, and the extent of lesion and the apposition of the transplant were documented. All of the animals included in the behavioral and anatomical analysis below had lesions that interrupted the dorsal Abbreviations: MAG, myelin-associated glycoprotein; PDE, phosphodiesterase; DRG, dorsal root ganglia; CHO, Chinese hamster ovary; BDNF, brain-derived neurotrophic factor; 5-HT, 5-hydroxytryptamine; GFAP, glial fibrillary acidic protein.
columns bilaterally and the lateral funiculus unilaterally and transplants that were apposed to the host spinal cord. (18) . Cervical hemisection abolished ipsilateral forelimb use in rearing. Animals were tested 4 weeks after rolipram or vehicle administration, and rearing was tested on 3 consecutive days. Behavior was videotaped, and the number of rears, forelimb use in rearing, and paw placement were analyzed from slow-motion of the videotapes by individuals unaware of the treatment group.
Immunocytochemistry. Antibodies against serotonin, 5-hydroxytryptamine (5-HT), were used to visualize raphe-spinal projections within the host cord and transplant by using techniques from procedures described in detail previously (21) Image Analysis and Statistics. Bright-field images of three nonadjacent sections representing the best central area (33,000 m 2 at ϫ40) of the transplant were taken with a Zeiss Axiophot microscope with AXIOVISION software. By using SIGMASCAN PRO 4, 4.01, positive 5-HT fibers were shaded by defining a threshold of intensity to shade the fibers of interest. The number of pixels was measured in the image to find total pixels, and an average of total pixels of three images for each animal was calculated. For sections stained for glial fibrillary acidic protein (GFAP), brightfield images of three nonadjacent sections representing the best central area of the transplant encompassing an area of 133,250 m 2 at ϫ20 were taken. The purpose of these images was to quantify the amount of GFAP expression in astrocytes. The number of pixels was measured in the image to find total pixels, and an average of total pixels of three images for each animal was calculated.
The average total pixels for either 5-HT fibers or GFAPpositive astrocytes were calculated in each group, and a one-way ANOVA was performed with PRISM 3.02 (GraphPad, San Diego) and Tukey's multiple comparison test, post hoc.
Results
We first tested the ability of rolipram to overcome inhibition by MAG and myelin in culture. Initially, we added a range of concentrations of rolipram directly to DRG neurons growing on a monolayer of MAG-expressing CHO cells, control CHO cells, or a substrate of purified myelin. Rolipram blocked inhibition by both MAG and myelin in a dose-dependent manner, but the block was never complete (results not shown). Previously, we showed that prior exposure of neurons to neurotrophins, such as BDNF, did completely overcome inhibition by MAG and myelin whereas adding BDNF directly to the cultures, without priming, had no effect (17) . We therefore tested whether rolipram was more effective if neurons were primed with the drug before being transferred to the inhibitory substrates. Fig. 1 shows that, when DRG neurons are dissociated and exposed to various concentrations of rolipram for 18 hr before being transferred to MAG-expressing or control CHO cells, inhibition is overcome in a dose-dependent manner. At 0.5 M, rolipram blocked inhibition by MAG completely (Fig. 1) . Similar results were obtained when myelin was used as a substrate (data not shown).
Because rolipram readily crosses the blood-brain barrier, we tested its effects on 30-day-old rats, by s.c. delivery using osmotic minipumps. After continuous overnight rolipram delivery, the DRG neurons were removed and assessed for their ability to grow on MAG and myelin. Fig. 2a shows that, after s.c. delivery of various doses of rolipram, DRG neurons are no longer inhibited by MAG after they are removed and cultured. Interestingly, rolipram is most effective and overcomes inhibition completely when delivered at a dose of 0.4 mol͞kg per hr whereas, at higher doses, the effect is lost and neurons are once again inhibited by MAG. Using this effective dose, we next delivered rolipram for 24, 48, or 72 hr, before removing the DRG neurons and culturing them on MAG or myelin. After 24 hr, inhibition by MAG is completely blocked (Fig. 2 b and c) , consistent with what is shown in Fig. 2a . However, after 48 hr of continuous delivery, not only is inhibition by MAG completely blocked, but growth on the control CHO cells is also improved. This effect is even more pronounced for DRG neurons from animals treated for 72 hr with the same dose of rolipram ( Fig.  2 b and c) . Under all of these conditions, the same effects of rolipram were found when myelin was used as a substrate (results not shown). These results suggest that rolipram not only overcomes inhibition by MAG and myelin, but also generally improves growth.
To assess the effects of rolipram on spinal axon regeneration in vivo, a hemisection lesion was created at C3͞C4, and embryonic spinal cord tissue (embryonic day 14) was immediately implanted into the lesion site (19, 20) . Two weeks later, delivery of rolipram at a dose of 0.4 or 0.8 mol͞kg per hr was commenced and continued for a further 10 days. Animals were assessed for functional recovery before being killed at 4 weeks post-lesion. Because there is little growth of supraspinal axons into the transplant after spinal cord injury in untreated animals, this is an excellent model for demonstrating, unequivocally, improved regrowth as a consequence of a particular treatment. If the treatment does induce axon growth into the transplant after spinal cord hemisection, it can represent both sprouting of undamaged axons and regrowth of damaged axons. The tissue at the lesion site was immunostained for serotonergic axons that had regrown into the graft and also for reactive astrocytes by immunostaining for GFAP. After spinal cord injury, in untreated adult rats, as reported (20, 21) , host axons extend short processes into the transplant but are restricted to the host͞ transplant border. In the rolipram-treated animals, there are numerous 5-HT-positive processes in the grafted tissue (Fig. 3 d  and e) , compared with very, very few in the untreated or vehicle-treated control animals ( Fig. 3 b and c) ; all of the 5-HT fibers seen in the graft are from the host because embryonicday-14 embryonic spinal cord tissue has no serotonergic neurons. Consistent with this qualitative assessment of axonal growth, when the 5-HT processes in the graft are quantified by image analysis to measure the area fraction within the transplant occupied by serotonergic fibers, the axon projection within the transplant is Ͼ100-fold higher in the rolipram-treated animals compared with the vehicle-treated control (Fig. 3a) .
When similar sections were stained for GFAP, in vehicletreated animals, the staining is very dark both within and surrounding the grafted tissue, indicative of astrogliosis (Fig. 4  b and c) . In sharp contrast, the GFAP staining in the rolipramtreated animals was dramatically reduced (Fig. 4 d and e) . When the density of GFAP was quantitated, there was more than one-third less GFAP in the rolipram-treated animals, compared with controls. It is of note that, for animals treated with a higher dose of rolipram (0.8 mol͞kg per hr), there was no significant difference in either serotonergic staining or GFAP staining compared with the vehicle-treated control (Figs. 3a and 4a ). This finding is consistent with the results presented in Fig. 2 , which suggest that higher doses of rolipram are ineffective.
Finally, before being killed, the animals were subjected to a functional test that measures automatic use of both forelimbs for support in rearing and also the correct palm placement of the paw in an exploratory motion on the side of a clear plastic cylinder (18) . In this behavioral test, control uninjured animals rear in the tube and explore the sides with both paws, always placing the palm (ventral side) of their paw on the wall. After hemisection, animals in all groups, regardless of treatment, will still rear, and, although there is use of the injured forelimb, they will preferentially use the uninjured forelimb to balance themselves and explore the tube. However, when they do use the injured forelimb to explore, the untreated or vehicle-treated animals place the dorsal (wrong) side of their paw against the wall of the tube in 75-80% of tries (Fig. 5) . This finding indicates a lack of distal control of the forelimb. In sharp contrast, when the rolipram-treated animals place the paw of their injured forelimb, they make a mistake and place the dorsal side of their paw against the wall only 35% of the time, representing a significant (Ͼ40%) decrease in abnormal dorsal placement (Fig.  5) . In addition to this improved distal control, the rolipramtreated animals also have greater proximal forelimb control because they raise the injured limb more frequently above the horizontal (shoulder flexion Ͼ90°; 76% for rolipram, 56% for vehicle). Consistent with the effects of rolipram on both regeneration and astrogliosis described above, only treatment with the lower dose of rolipram resulted in improved functional recovery; at the higher rolipram dose, there was no improvement relative to untreated animals (results not shown). Together, these results represent a substantial and significant improvement in functional recovery compared with the control animals.
Discussion
These results show that rolipram delivered 2 weeks after a spinal cord lesion promotes axonal growth into the transplant, attenuates astrogliosis, and, importantly, improves functional recovery. It is highly likely that rolipram's ability to overcome inhibitors in myelin, as well as the general improvement in growth it induces and its effect on scar formation, all contribute to the observed functional recovery. Rolipram has also been shown to be antiinflammatory, but it is unlikely that this property is influencing recovery under the conditions used here for two reasons. First, the dose of rolipram most effective as an antiinflammatory agent is 3-to 6-fold higher than the optimal dose we report here for functional recovery after spinal cord injury (22) (23) (24) . Second, methylprednisolone, a known antiinflammatory already used as a therapy in humans, prevents some secondary cell loss in animal models of spinal cord injury but does not produce any significant improvement in functional recovery (25) (26) (27) Regardless, of the mechanism of action, rolipram is effective and should be considered as a therapy for spinal cord injury. It is of note that rolipram is effective at lower but not at high doses, for both the culture and the in vivo assays. We do not know the reason for this result, but it is essential that this observation be taken into consideration in the design of future experiments.
Because rolipram is a PDE inhibitor and so allows cAMP to accumulate by blocking its degradation, we predicted that rolipram would indeed promote regeneration when we and others showed earlier that elevation of cAMP was sufficient to promote regeneration of spinal axons (4, 5) . What was surprising about the findings reported here was, first, that rolipram had an effect when delivered post-lesion. In the previous studies, cAMP was elevated before lesioning the spinal cord in the belief that the axons needed to be ''primed'' before being asked to grow through an inhibitory environment. The hypothesis was that elevation of cAMP triggered a cascade of events that took some time to reach a point where the axons were ready to grow through inhibitors of myelin. If they were lesioned before the cascade reached this point, the glial scar would have matured before the axons were ready to grow and so, rather than just having to overcome the inhibitors in myelin, which seem to be the major impediments to growth immediately after injury (28), they would then also encounter the glial scar and so be locked in (2, 17) . With rolipram treatment, however, that model is no longer supported. Part of the explanation for the apparent discrepancy may be that astrogliosis is attenuated, the second surprising observation we made in the rolipram-treated animals. This effect could result from preventing or reversing reactive gliosis. That is to say, by 2 weeks post-injury, the time when delivery of rolipram was begun, in untreated animals without transplant, the scar would be quite mature. It is possible that the presence of the embryonic tissue alone delays scar formation and rolipram then prevents its maturation. Alternatively, the embryonic tissue may have had no effect on scar formation, in which case rolipram, delivered at 2 weeks post-injury must have reversed astrogliosis. Although we show here that rolipram attenuates astrogliosis both within the transplanted tissue and in the surrounding host tissue, the question remains whether the transplant is necessary for rolipram to have this effect. This question can be answered by delivering rolipram in the absence of transplanted tissue. Furthermore, it is likely that the hospitable environment of the implanted embryonic tissue also favored regrowth without priming.
To quantitate the extent of axonal growth after rolipram treatment, we chose spinal cord lesion with transplant as an assay. We used a transplant because the high cervical hemisections (C3͞4) always lead to a number of unlesioned axons, the presence of which makes it impossible to distinguish axons that have regrown from those left intact. The presence of a transplant enabled easy identification and measurement of regenerated host axons. Furthermore, there is very little background ingrowth of host axons with only transplant, making any increase in growth as a result of rolipram treatment very easy to detect. In the rolipram-treated rats, the axonal growth is a proof of principle that regeneration occurs. However, although both increased axonal plasticity and functional recovery coincide after rolipram treatment, we cannot confirm a causal relationship between the two. The pathways that regenerated, underwent plasticity, or rearranged to account for the functional recovery observed are not known. Indeed, rearing and vertical exploration are complex behaviors, and many pathways contribute to their control in normal animals. The precise circuitry responsible for the paw-placing behavior in intact animals is not clear.
Rolipram has been shown to have an effect on a number of processes that involve the cAMP pathway. It has been shown to improve memory in a hippocampal-dependent memory task (29) , and also to attenuate age-related defects in spatial memory (30) . More recently, through a mechanism dependent on the transcription factor cAMP response element binding protein (CREB), it has been shown to enhance memory in an animal model of the human disease Rubinstein-Taybi syndrome (31) . Also, we have found that activation of CREB is necessary and sufficient to overcome inhibitors of regeneration in myelin (unpublished results). Taken together, these observations suggest similarities in the mechanisms whereby rolipram promotes regeneration and enhances memory.
Rolipram was developed as an antidepressant and was used in clinical trials, but, because of side effects of emesis (nausea) in some patients, the trial was stopped (32) (33) (34) . It has also been shown to have immunosuppressive and antiinflammatory effects (35) . However, treatment of depression requires long-term administration. For spinal cord injuries, rolipram may need to be delivered only for a short period, during which time the side effects may be tolerable. A further attraction of rolipram for treating spinal cord injury is that it readily crosses the bloodbrain barrier. Therefore, it can be delivered s.c. to avoid intervention at the site of injury; any treatment that requires surgery at the injury site runs the risk of damaging axons that were spared by the initial trauma. Although here we have shown rolipram to be an effective therapy for spinal cord damage when combined with embryonic tissue grafts, it is highly probable that rolipram treatment alone will also have a marked effect on spinal axon regeneration and possibly functional recovery.
